Importance

33
The Cas4 family endonuclease is an essential component of the adaptation module in many 34 variants of CRISPR-Cas adaptive immunity systems. The Crenarchaeota Sulfolobus 35 islandicus REY15A encodes two cas4 genes (cas4 and csa1) linked to the CRISPR arrays.
36
Here, we demonstrate that Cas4 and Csa1 are essential to CRISPR spacer acquisition in this 37 organism. Both proteins specify the upstream and downstream conserved nucleotide motifs of 38 the protospacers and define the spacer length and orientation in the acquisition process.
39
Conserved amino acid residues, in addition to the recently reported, were identified to be 
INTRODUCTION
45
The clustered regularly interspaced short palindromic repeats (CRISPRs) and the CRISPR-46 associated (Cas) proteins generate a diversity of immune systems in most archaea and many 47 2B). Next, we examined the effects of Cas4 and Csa1 on spacer acquisition by testing a 143 deletion strain of cas4, and of csa1 (Fig. 2B ). Very few new spacers were detected for either 144 deletion strain which indicated that Cas4 and Csa1 were essential for specific spacer 145 acquisition. In addition, we demonstrated that enhancing expression of Cas4, and Csa1 also, 146 strongly reduced spacer acquisition (Fig. 2B) , probably due to excess Cas4 or Csa1 proteins 147 forms large complex such as a decameric toroid as reported previously (33) to disorder the 148 adaptation complex. Furthermore, when we examined the origins of the spacers we found that 149 the relatively few spacers that were acquired in the cas4 and csa1 deletion or overexpression 150 mutants did show a stronger bias to genomic DNA than to the plasmid (Fig. 2B ). This 151 observation also reinforced that the Cas4 proteins were crucial for specific selection of 152 spacers.
153
Since CRISPR-Cas interference requires PAM recognition, we analyzed the PAM and 3΄-154 nucleotide motif of the cognate protospacers. New spacers in the wt strain carrying the empty 155 vector derived predominantly from protospacers carrying conserved CCN PAM and 3΄-A/G 156 motifs ( Fig. 2B and C) . Moreover, protospacers in the csa3a overexpression strain also were identified in the csa1 or cas4 overexpression strains (Fig. 2B ). PAM sequence from 168 these few reads could showed less conservation. However, new spacers from csa1 or cas4 169 overepxression strains were matched to different locations on the genomic and plasmid DNA, 170 and the ratio between unique new spacer reads and is total new spacer reads 0.60 and 0.23,
171
suggesting identification of non-PAM in this these strains may reflect the truth.
172
Novel amino acid residues essential for Cas4 protein functions
173
Cas4 family proteins carry a few highly conserved amino acid residues (34) (Fig. 3A) and we 174 examined whether they were involved in specific protospacer selection. Firstly, we analysed 175 the amino acid residues in the RecB motif of the 28 archaeal genome-encoded or archaeal 176 virus-encoded Cas4 proteins (Fig. 3B ). We identified a conserved Asp residue in S. islandicus 177 Cas4 (D60 in SiRe_0763) and the CRISPR-linked Csa1 proteins, and two conserved Trp/Leu 178 residues in CRISPR-linked Cas4 proteins (YL100/101 in SiRe_0763) (Fig. 3B) . Therefore,
179
we mutated these amino acids separately with a view to establish whether they were essential 180 for specific spacer acquisition.
181
The cas4 and mutant genes cas4D60A, cas4E79A and cas4Y100A/L101A were cloned 182 downstream of the csa3a gene on plasmid pSeSD, and expression of csa3a, cas4 and the cas4 183 mutants were under control of the araS promoter (35). These plasmids were then transformed 184 into the cas4 deletion cells to yield complementary strains. Whereas transformation of 185 p(csa3a+cas4) reactivated highly efficient spacer acquisition, albeit with a strong bias to 186 genomic DNA (Fig. 3C ), transformation with p(csa3a+cas4D60A) generated a low level of 187 specific spacer acquisition, again with a bias to genomic DNA, while transformation with the 188 other two p(csa3a+cas4 mutant) plasmids failed to restore specific spacer acquisition (Fig. 189 3D). We infer from the latter result that Cas4 positions E79 and Y100/L101 are critical for 190 selection of the CCN PAM in protospacers.
191
Cas4 facilitates specific spacer integration
192
As demonstrated the CCN PAM was not detected in most protospacers from the cas4 and protospacers with conserved 5΄-CCN PAMs (Fig. 4) deriving from genomic DNA (Fig. 4 B) . However, CCN PAM-dependent inverted integration 
Cas4 nuclease defines spacer length
210
Spacer lengths vary in Sulfolobus species although they fall mainly in the range 39-41 bp (26).
211
Most spacers acquired in wild-type S. islandicus strains, carrying pSeSD or csa3a 212 overexpression vectors, were 40-41 bp (Fig. 5 ) similar to the lengths of spacers present in the 213 host CRISPR arrays. However, deletion of cas4 or csa1 not only strongly reduced spacer 214 acquisition efficiency, as measured by the n value ( Fig. 2B and 3C ), but it also yielded, on average, slightly shorter spacer lengths (Fig. 5) . Overexpression of csa1 and cas4 also 216 produced altered length distributions (Fig. 5) . Complementing cas4 in the cas4 deletion strain 217 did restore spacer lengths to the normal host size distribution but whereas complementing 218 cas4Y100AL101A did not alter average spacer lengths, while complementing cas4D60A and 219 E79A produced increased length distributions (Fig. 5) . These results reinforce further that
220
Cas4 is important for producing specific spacer acquisition.
221
Flipped and slipped spacers inactivate DNA interference of the subtype I-A system 222 In order to demonstrate that flipped spacers abolish subtype I-A CRISPR-Cas interference 223 activity, we designed a plasmid challenge experiment that is illustrated in Fig. 6A . The DNA 224 sequence of spacer 10 from CRISPR locus 2 of S. islandicus REY15A was cloned into the complexes, guided by crRNA from spacer 10, the transformation efficiency would be 231 strongly reduced.
232
The plasmid carrying the protospacer matching spacer 10 with a 5΄-CCA PAM showed a 233 very low transformation efficiency compared with that of the control plasmid, consistent with 234 strong subtype I-A DNA interference having occurred (Fig. 6B) . Another control plasmid inserted into the CRISPR array (Fig. 6A) . High 'flip' plasmid transformation efficiency, 241 similar to that of the AAG plasmid (Fig. 6B ) would indicate that flipped spacers had 242 integrated into CRISPR arrays and were inactive in subtype I-A.
243
Slipped spacer integration can also impede subtype I-A DNA interference because the 244 crRNAs will fail to recognise the CCN PAM sequence. To test this experimentally, we 245 selected a protospacer from the template strand of the S. islandicus REY15A cmr2α gene and 246 generated different mutants carrying single site mutations (Fig. 6C) . The altered spacers were 247 cloned into the Sulfolobus expression vector pSeSD (35) to generate the plasmid-borne mini-
248
CRISPRs under the control of the arabinose-inducible promoter ( Fig. 6C) interference at cmr2α, then low transformation efficiency will be observed, and vice versa.
252
Since the designed spacer is from the cmr2α template strand, the crRNA will not base-pair 253 with the mRNA and, therefore, will not trigger the subtype III-B DNA interference activity.
254
The transformation efficiency of pSeSD carrying the wild-type protospacer was very low 255 compared with that of the empty vector, consistent with strong subtype I-A interference of 256 cmr2α (Fig. 6D) . The plasmid carrying the Slip-1 spacer (corresponding to the protospacer 257 with the NCC motif) showed a transformation efficiency that was lower than the empty 258 vector control but higher than the wild-type spacer plasmid, indicating that moderate plasmid 259 interference had occurred (Fig. 6D) . This reflects that a 5΄-ACC motif of the protospacer can 260 mediate subtype I-A interference of the target DNA with reduced efficiency (Fig. 6D) (Fig. 7B) . We analysed the 5΄-and 3΄-ends of the corresponding 280 protospacers from the viral cas4 expression strains, and found that whereas most protospacers (Fig. 7B) . The length distribution of the 286 adapted spacers from both viral cas4 expression strains was similar to the wt cells (Fig. 7C) , 287 indicating viral Cas4 had no effect on spacer length. In summary, expression of SSV2 Cas4 288 protein strongly reduced spacer acquisition efficiency and reduced the conservation of 3΄-
289
A/G motif ( Fig. 7A and B) but did not lead to changes in the 5΄-CCN PAM or the spacer 290 length ( Fig. 7B and C) . (Fig. 8B ). E79, identified in Sulfolobus Cas4, influences acquisition 334 efficiency and is important for determining spacer length, integration orientation and the 5΄ 335 and 3΄ motifs of protospacers (Fig. 8B ). However, H91 corresponding to a residue in Cas4-1 336 or Cas4-2 of P. furiosus is unimportant for Cas4 functions (30) (Fig. 8B ). YL100/101 337 identified in this study strongly effects Cas4 functions (Fig. 3D) , probably due to that these 338 amino acid residues affect the nuclease activity or the conserved hydrophobic residue L101 is 339 important for Cas4 structure integrity. Similarly, the 4-C cluster of both Cas4-1 and Cas4-2 of 340 P. furiosus is essential for Cas4 functions (30), consistent with published findings that the Fe-341 S cluster is required for the structural integrity of Cas4 proteins (33).
342
Csa1 belongs Cas4 family proteins which is specific for subtype I-A CRISPR-Cas systems 343 (2). In this study, we firstly report its functions, similarly to Cas4, in defining PAM, 344 orientation and spacer length (Fig. 2, 4 and 5). Even though Csa1 proteins carry conserved 345 amino acid residues as Cas4 protein do, a long insert is found in Csa1 amino acid sequence,
346
suggesting some different roles may be played by Csa1 proteins.
347
A putative anti-CRISPR-Cas mechanism evolved by viruses
348
In this study, we show that overexpression of Cas4 or Csa1 can trigger a strong reduction in 
363
Moreover, a Cas4-like protein from the rudivirus SIRV2 is shown to possess both 5΄-to 3΄-364 exonuclease and endonuclease activities in vitro (39, 43) , suggesting that the viruses encode 365 functional Cas4 nucleases that could participate in CRISPR spacer acquisition.
366
In this study, expression of SSV2 Cas4 strongly reduce spacer acquisition, compared to the 367 cells lacking SSV2 Cas4 ( Fig. 7A and B) . High-throughput sequencing data also supports that 368 viral Cas4 hinders de novo spacer acquisition in Sulfolobus (Fig. 7B ). Analysing the detected 369 new spacers from viral Cas4 expression strain, we find SSV2 Cas4 has no effect on defining 370 the 5΄-CCN PAM or spacer length (Fig. 7B and C) , but effect the 3΄-A/G motif ( Fig. 7B ).
371
Together, these results suggest that some invasive genetic elements may have accrued Cas4 Transformants were cultured in 10 ml SCVy medium at 78°C until OD 600 reached 0.3.
427
Samples were taken from each culture (0.1 ml), and DNA was extracted from cells and subjected to HiSeq3000 sequencing (National Key Laboratory of Crop Genetic Improvement).
441
After pair-end data assembly and low-quality data filtration, reads containing multiple (≥2) 442 repeats were selected. For reads containing two repeats, the intervening sequence was Spindle-Shaped Virus 7;). This neighbour-joining tree was generated from a T-coffee Experimentally characterized amino acid residues in Cas4 family proteins, using the Cas4 
